The objective of this study is (1) to determine the magnetic cloud (MC) structure associated with the 17 March 2015 storm and (2) to gain an insight into how the storm developed responding to the solar wind conditions. First, we search MC geometries which can explain the observed solar wind magnetic fields by fitting to both cylindrical and toroidal flux rope models. Then, we examine how the resultant MC geometries can be connected to the solar source region to find out the most plausible model for the observed MC. We conclude that the observations are most consistently explained by a toroidal flux rope with the torus plane nearly parallel to the ecliptic plane. It is emphasized that the observations are characterized by the peculiar spacecraft crossing through the MC, in that the magnetic fields to be observed are southward throughout the passage. For understanding of the storm development, we first estimate the injection rate of the storm ring current from the observed Dst variation. Then, we derive an expression to calculate the estimated injection rate from the observed solar wind variations. The point of the method is to evaluate the injection rate by the convolution of the dawn-to-dusk electric field in the solar wind and a response function. By using the optimum response function thus determined, we obtain a modeled Dst variation from the solar wind data, which is in good agreement with the observed Dst variation. The agreement supports the validity of our method to derive an expression for the ring current injection rate as a function of the solar wind variation.
Introduction
The 17 March 2015 geomagnetic storm is the largest in Solar Cycle 24 so far with minimum Dst of −223 nT and has stimulated many research activities (Kamide and Kusano 2015; Kataoka et al. 2015; Liu et al. 2015; Cho et al. 2016; Wang et al. 2016) . The large geomagnetic storm was somewhat surprising, and space weather agencies worldwide failed to predict that such a severe storm would occur (Kamide and Kusano 2015; Kataoka et al. 2015 , Wang et al. 2016 . Thus, the prior concern was mechanisms having caused such an intense storm. While some particular ideas have been proposed such as the superposition effect of two successive storms as evidenced by the two-step main phase (Kamide and Kusano 2015) , and intensification of magnetic fields and plasma densities in the interplanetary coronal mass ejection (ICME) due to a possible pileup effect , the main concern of the remaining studies is to explain mechanisms to create the solar wind conditions that caused such an intense storm.
It is commonly accepted in the foregoing studies that a magnetic cloud (MC) is involved which originated from a coronal mass ejection (CME) on 15 March 2015 from AR 12297 and arrived at 1 AU on 17 March. As for the MC structure, however, several different geometries are being proposed. One reason is the complexity in the solar wind data due to superposed disturbances which prevents easy determination of boundaries for this particular Open Access *Correspondence: kmaru_bg@kzh.biglobe.ne.jp 1 Korea Astronomy and Space Science Institute, Daejeon 305-348, Korea Full list of author information is available at the end of the article MC. In addition, the fitting analyses for determining the MC structure yield different geometries depending on MC models used in the fitting. It is also true that the fitting analysis does not always assure the uniqueness of the solution for the MC structure . Thus, careful analyses are needed to obtain an optimum interpretation about the global geometry of the 17 March 2015 MC. This paper is aimed at answering two questions:
(1) what MC structure provides the most reasonable interpretation for the observed magnetic field variation, and (2) how the observed solar wind conditions are connected to the development of the intense storm. For this purpose, we first search for flux rope geometries, which can explain the observed MC and select the most probable one by considering the link to its solar source. Then, we examine the Dst development as a response to the observed solar wind conditions based on the model originally proposed by Burton et al. (1975) . Figure 1 shows the solar wind characteristics for 17-18 March 2015 obtained from the WIND spacecraft. Plotted are from the top, magnetic field intensity, the X, Y, and Z components in geocentric solar ecliptic (GSE) coordinates, degree of magnetic field fluctuations (defined by standard deviations divided by mean values of the field vector data of higher time resolution), solar wind speed, number density, the number density ratio of He ++ to H + , proton temperature together with temperature expected statistically from the solar wind speed (dashed curve) (Lopez 1987) , and the plasma beta based on proton. The bottom diagram shows magnetic field vectors projected on the XY, XZ, and YZ planes. The red curves in the panels 1-4 and 5 present model values obtained from the optimal torus model as described below.
MC structure and its connection to the solar source event
We can see MC-like structure(s) around the time interval indicated by two vertical solid lines and a preceding shock at 04:00 UT (dashed line). Our first task is to select the appropriate MC boundaries and determine the structure by model fitting. The MC boundaries are generally selected by identifying regions characterized by enhanced magnetic field intensity, smooth magnetic field rotation, low proton temperature, low plasma beta, bidirectional superthermal electron flow, etc. though it is often the case that those regions do not coincide with each other (e.g., Gosling 1990; Neugebauer and Gosling 1997; Jian et al. 2006) . Four different ideas have been proposed for the MC boundaries by recent studies. They are: (i) 17/13:00-18/09:00 , (ii) 17/11:00-17/23:10 (Cho et al. 2016 ), (iii) 17/13:05-17/23:20 Wang et al. 2016) , and (iv) two MCs, 17/09:00-17/18:00 and 17/18:00-18/17:00 . (Note that time intervals indicated above for selection by Gopalswamy et al. (2015) and Kataoka et al. (2015) are different from those in their original paper, because their corresponding times were taken from OMNI data, in which time is shifted for the solar wind transit from the observing satellite to the nose of Earth's bow shock.) From the viewpoint of MC modeling by flux rope models, it seems that the selections (i) and (iv) are inappropriate. For (i), the rapid change in the magnetic field direction around 17/23:20 looks more like a boundary between two plasma regimes of different characteristics. For (iv), there is no strong reasoning for cutting the structure into two separate parts at 17/18:00, where field changes are rather smooth and continuous.
We see in Fig. 1 that the magnetic field rotation in the YZ plane should be rather smooth, if the large amplitude fluctuations from 14:10 to 16: 50 UT (indicated by two dash-dot lines) on 17 March are disregarded. We compared variations in velocity vectors and in magnetic field vectors throughout the possible MC intervals and found that they are well correlated with each other during the above time interval. This suggests that those fluctuations are due to superposition of small-scale disturbances of Alfvénic nature on the flux rope similarly to phenomena reported by Gosling et al. (2010) . Figure 2 shows a correlation diagram between ΔBx, ΔBy, ΔBz and ΔVx, ΔVy, ΔVz (differences from time averages, B 0 and V 0 , over the time interval 14:10-16:50 UT on 17 March). Ideally, the relation between the wave components of magnetic field ΔBx, y, z and velocity ΔVx, y, z is given by where V A is the Alfvén velocity in the background magnetic field B 0 . As a whole, the correlation coefficient is 0.74, and we obtained the relation:
Figure 3 presents the result of minimum variance analysis (Sonnerup and Cahill 1967) 
rotation is seen in a plane nearly perpendicular to the YZ plane as a whole, with occasional back-and-forth changes in direction. This rotation is also seen in the vector plot in Fig. 1 .
We attempted to determine the magnetic field structure for selected time intervals by fitting to the flux rope models with cylindrical and toroidal shapes developed by Marubashi and Lepping (2007) . The models are force-free flux rope models including the effect of selfsimilar expansion. The fitting was performed for intervals (ii) and (iii), with intention to see, if possible, which interval identifies more appropriate MC boundaries. In addition, we tried two data sets for each of the two intervals. One data set includes all observed data points within the MC intervals, and the other data set excludes data points corresponding to the Aflvénic fluctuations (14:10-16:50 UT). Thus, the fitting analysis was executed with four different data sets. As a result, we obtained one cylindrical flux rope model with right-handed chirality for each of the four data sets. The toroidal model fitting yielded one toroidal flux rope with right-handed chirality for each of the four data sets. In addition, three toroidal flux ropes with left-handed chirality were obtained from three data sets. (The details of the fitting results are described in Additional file 1: Appendix).
We try to determine which is the most plausible geometry for the observed MC out of the four cylinder models and seven torus models, by examining possible connection to the solar source. The foregoing studies Kataoka et al. 2015; Liu et al. 2015; Cho et al. 2016; Wang et al. 2016 ) agree that a halo CME associated with a C9.1 flare which started at 01:15 UT on 15 March in AR 12297 (S22W25) was the solar source event of the MC. The general agreement comes from the fact that the above CME is the most prominent event and satisfies the consideration about the transit time from the Sun to 1 AU. Figure 4 presents (a) a difference image of the CME at 05:30:05 UT on 15 March from the Solar Heliospheric Observatory/Large Angle and Spectrometric Coronagraph C3 (SOHO/LASCO-C3), (b) a solar image of 304 A obtained by the Solar Dynamics Observatory/Atmospheric Imaging Assembly (SDO/AIA) at 01:38:44 UT, and (c) a magnetograph at 01:00 UT from the SDO/Helioseismic and Magnetic Imager (HMI). In Fig. 4a , the yellow line shows the approximate envelop of the halo CME, which first appeared at 01:48 UT in the field of view of LASCO C2. The AIA 304 image in Fig. 4b clearly shows two ribbons associated with the post-eruption arcade of the C9.1 flare as indicated by the yellow oval that can be taken as the source event of the CME of concern and the interplanetary magnetic flux rope of 17 March. The yellow vector in Fig. 4c shows the approximate position of the polarity inversion line (PIL) corresponding to the two ribbons in the AIA 304 image. The orientation of the arrow was determined so that the orientation coincides with the direction of sheared field component along the PIL corresponding to the right-handed helicity as evidenced by the S-shaped eruptive filament. Wang et al. (2016) analyzed the source signatures of this CME and showed that the erupted flux rope has its axis parallel to the PIL. Then, it is obvious from the CME triggering theory (e.g., Kusano et al. 2012 ) that the flux rope should have the axial field parallel to the yellow arrow and the perpendicular field directed southward on the front side. Thus, the flux rope created in the corona should have the right-handed chirality with the axis directed along the yellow vector. Therefore, it is clear that three torus models with left-handed chirality (La-2, Lb-2, Sb-2 in Additional file 1: Figure A1 in Appendix) is inappropriate for explaining the observed MC. In addition, the position of spacecraft crossing for each of the three looks inconsistent with the source position of S22W25. They are all crossed by the spacecraft near the western end.
The consideration of the solar source position further suggests that other two geometries (Sa-1, Sb-1) are not appropriate for the model of the observed MC. In these two cases, it is required that the main body of the MC extends on the northern side of the ecliptic plane in spite of the source position in the southern hemisphere. Of course, we need to take effects of the deflection or highly non-radial propagation of the MC loop into consideration in such comparison. Wang et al. (2011) showed the deflection effects in many CMEs by a statistical study of their source locations. However, the required deflection looks too large in this case, 0.4 and 0.46 AU for Sb-1 and Sb-2, respectively. As a result, two torus geometries La-1 and Lb-1 remain as candidates for the model of the MC.
We further try to determine which model is taken as the optimum geometry for the observed MC by examining the accuracy of the fitting. Figure 5a shows the fitting result from the cylinder model (blue curve) and that from the torus model (red curve) for the adopted MC interval, 17/11:00-23:10. Figure 5b presents a similar comparison for the adopted interval, 17/13:05-23:20. In all four fittings, data points between two dot dash lines are disregarded. The most important difference between the torus and cylinder results is seen in the modeled Bx curve. It is being widely suspected that a cylindrical flux rope model with axis highly inclined from the ecliptic plane provides a prolonged southward Bz. The point is, however, that such a flux rope yields Bx component, being not very small when traversed with large impact parameters, throughout the spacecraft passage, while the observed Bx values are close to 0 near the start and end times of the spacecraft crossing. It is seen that this observed feature can be reproduced by the toroidal flux rope model. It is thus concluded that a proper explanation of the 17 March 2016 MC is provided by a toroidal model, but not by a cylinder model. It should be noted here that, for judgment of the successful fitting, we need to see the similarity between the observed and modeled field variations as well as the numerical estimate of the relative errors of fitting as defined by Additional file 1: Eq. (A1) in Appendix.
If the flux rope structure created in the corona extends to 1 AU in a shape of a loop without significant change in the tilt of the loop plane, the resultant tilt of the loop should be close to that of the shear component of the solar field along the PIL. We estimated the orientation of the axial field of the flux rope loop near its apex for each of the modeled structures, following the expressions given by . Figure 6 shows the result projected onto the YZ plane in GSE coordinates, where the red arrows show the orientation of axial filed near the apex of the loop for the four geometries obtained for the toroidal flux rope with right-handed chirality, and the blue arrows show the axial field orientation for the three flux ropes with left-handed chirality. For the cylindrical model, only the result from Lb-1 is shown (marked, CYL) because results from the four cylinder fits are all close to each other. We see that the axial field orientation is nearly parallel to the orientation of the sheared field in the solar source region only for the cases of the torus La-1 and the torus Lb-1. Although Kataoka et al. (2015) and Wang et al. (2016) selected the shorter interval for the MC, Kataoka et al. (2015) noticed that the field changes around the starting time of their MC selection are smooth and continuous, implying that the spacecraft encounter with the flux rope can be earlier. Therefore, we conclude here that the torus model Lb-1 provides the best interpretation of the March 17 2016 MC. It is true that we need to consider a possibility of significant rotation of the flux rope axis during propagating from the corona to 1 AU when comparing the flux rope axis at 1 AU with the direction of the PIL in the solar source region. However, many estimates drawn in Fig. 6 can be taken to be cautioning for careless determination of the flux rope axis as well.
Summarizing the above consideration, we conclude that the magnetic field variation shown in Fig. 1 is interpreted as follows. A flux rope structure of right-handed chirality is formed in association with the halo CME of 01:48 UT on 15 March 2015, from AR 12297, and it extends into interplanetary space making a flux rope loop with tilt of the loop plane nearly parallel to the PIL, or nearly parallel to the ecliptic plane in this case. Corresponding to the source position centered around S22W25, the WIND spacecraft crossed near the eastern flank, where the magnetic field is southward throughout the spacecraft passage, with Bx being negative toward the central region and By changing from positive to negative.
Finally, it is important to note in Additional file 1: Figure  A1 that the same magnetic field variation can be reproduced by several different geometries in some cases. Such situations happen in cases where the spacecraft passed skimming the curved portion of a flux rope loop. An additional interesting feature of the 17 March MC is that observed magnetic fields were southward through the spacecraft passage, from the beginning to the end. Such a feature can be interpreted only by flux rope models with the curved shape. We can say that the observation of this MC is a kind of unusual happening, resulting from a peculiar spacecraft traverse through the MC, which caused the prolonged southward Bz.
Ring current development
We examine the storm evolution by estimating the injection rate of the ring current based on Burton's model (Burton et al. 1975; O'Brien and McPherron 2000) . The model describes the ring current evolution with changes in solar wind characteristics in the form:
where Q is the injection rate, τ is the decay time constant, and Dst 0 is the corrected Dst obtained by subtracting contribution of the magnetopause current as follows.
where P d is the solar wind dynamic pressure. This expression means that we can estimate the ring current injection rate from the observed Dst and solar wind data (for estimation of P d ), if we assume that the decay time is constant. We write this quantity as:
On the other hand, the injection rate should be expressed by a function of the solar wind characteristics, in more specifically by the dawn-to-dusk electric field in the solar wind (E y ) as:
where F (t) is the response function of the magnetosphere to the solar wind electric field, and normalized so that
In order to obtain the theoretical injection rate, Q sw , from the solar wind parameters, we need to determine the optimum response function F (t) and the coefficients a and b. For that purpose, we assume a simple form for the response function as depicted in Fig. 7 , where E y is imposed at t = 0, T d is the delay time, T r is the rising time, T m is the main time, and T f is the falling time. The optimum response function and the coefficients a and b are determined by cross-correlation analysis between Q obs (t) for an assumed τ and sets of Q sw (t) corresponding to many sets of T d , T r , T m , T f , and select a set which gives the highest correlation. We tried T d = 30, 40, 50 min, T r = 10, 20, 30 min, T m = 30, 60, 80, 90 min, and T f = 10, 30, 60, 90 min.
In Fig. 8 , plotted are magnetic field intensity (nT), B z (nT) in the GSM coordinate, −V x (km/s), dynamic pressure (P d ) in nPa, E y in mV/m, S(t) in mV/m, Dst and Dst 0 (nT), and Q obs values corresponding to τ = 4.0, 6.0, and 8.0 h (by solid, dotted, and dashed lies, respectively). Here, S(t) shows the result for τ = 4.0 h obtained by the method described above applied to the time interval from 06:00 UT on March 17 to 03:00 UT on March 18. The best correlation (coefficient = 0.882) between Q obs (t) and Q sw (t) was obtained for T d , T r , T m , T f = 40, 10, 90, 30 min. Q sw (t) can be calculated by Eq (5) with a = −26.3 and b = 5.67 (see Table 1 ). The delay time of 40 min is close to the transit time of the solar wind from the position of WIND to the magnetosphere. It is clear that any shows an S(t) curve for T m = 30 min. It is seen that the S(t) curve becomes closer to the E y curve for this shorter main integration time. Now that the injection rate is obtained from the solar wind observations, we can calculate the ring current development from Eq. (1), the solution of which is given by Figure 10 shows the Dst values obtained from this expression and with correction for the magnetopause current in a black broken line together with the observed Dst
. We see general agreement between these two curves. Another interesting feature in Fig. 8 is that three dents are evident in the Q obs curve (and also in the S(t) curve) corresponding to the multi-step development of the storm. The first dent is apparently related to southward fields in the sheath after the shock. We examined the injection rate for each of the three dents separately. The result is listed in Table 1 for each of the three time intervals, together with the result from the correlation analysis for the whole interval of the storm main phase. Here, the results only for the case of decay constant of 4 h are shown because this case gives the best correlation. We obtained the same values for the parameter sets defining the response function for the first two intervals as those for the whole interval. It is also found that the coefficient b for the first interval is 50% larger than the coefficient b for the second interval. This means that the development of ring current was more strongly affected by the solar wind conditions in the first interval. The difference can be ascribed to the difference of solar wind density as pointed out by Kataoka et al. (2015) on the basis of Keika et al. (2015) . This suggests that similar calculation of Dst values from the analysis for separated intervals should yield better agreement with the observed values. In fact, the modeled Dst in this way is shown in Fig. 10 by the red dashed line, which is much improved in reproducing the observed Dst.
Generally, geomagnetic responses to the solar wind conditions should change with time for other reasons. For example, Ohtani et al. (2007) pointed out the possible contribution of the tail current to Dst, implying that our present model should be too much simplified. Nevertheless, the result we obtained supports the basic correctness of the idea that the solar wind control of Dst development is described by the convolution such as Eqs. (5) and (6), though further refinements are desirable based on time-varying magnetospheric conditions.
Conclusions
We studied the 17 March 2015 storm focusing on the MC structure associated with the storm and on the storm development as geomagnetic response to the solar wind conditions. Our conclusions are summarized as follows. Fig. 10 Observed (solid line) and two modeled Dst curves. The black dashed line is the result of analysis which was done for the whole interval at once. The red dashed line shows the result from the analysis performed for three separate intervals 1. The magnetic field variation observed from 11:00 to 23:10 UT on 17 March 2015 is interpreted by a toroidal flux rope structure of right-handed chirality with the torus plane nearly parallel to the ecliptic plane. The observed variation is well reproduced by the model field for the spacecraft passage through the east side flank of the flux rope loop. 2. The above interpretation is consistent with the solar source event, a halo CME associated with a C9.1 flare which started at 01:15 UT on 15 March around S22W25. The consistency includes the resemblance between the magnetic structure of the MC and the magnetic structure around the solar source region, the geometrical relation between the MC axis and the PIL orientation, and the spacecraft crossing near the east flank of the MC corresponding to the solar source position in the western hemisphere. 3. It can be said that the geometry of the spacecraft crossing through the MC is a rather rare example in that the observed magnetic fields were southward throughout the passage. This feature can be reproduced only by a flux rope model with curved shape. 4. The observed Dst variation is explained as a geomagnetic response to the observed solar wind conditions by a newly developed expression for the injection rate of the storm ring current. The response is expressed by a convolution of the dawn-to-dusk electric field and some response function and not by the electric field itself.
